Eighty-five bulk samples consisting of varying proportions of pyrite, silica, and anhydrite and 82 mineral separates (pyrite, chalcopyrite) from the TAG hydrothermal mound were analyzed using Neutron Activation Analyses (INAA), Inductively Coupled Plasma Emission Spectrometry (ICP-ES), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and sulfur-isotopic methods. The samples were collected from five different areas of the Trans-Atlantic Geotraverse (TAG) mound during Ocean Drilling Program Leg 158. The chemistry of the bulk samples is dominated by high Fe (average 30.6 wt%, n = 57) and S concentrations (average 42.0 wt%, n = 50), reflecting the high amount of pyrite in these rocks. High Ca (up to 11.5 wt%, n = 57) and SiO 2 values (up to 49.8 wt%, n = 50) indicate the presence of anhydrite-rich zones in the center of the mound, and pyritesilica breccias, silicified wallrock breccias, and paragonitized basalt breccias deeper in the system. The Cu and Zn concentrations vary from <0.01 to 12.2 wt% Cu (average 2.4 wt%, n = 57) and from <0.01 to 4.1 wt% Zn (average 0.4 wt%, n = 57), with highest values commonly occurring in the uppermost 20 m of the mound. Most trace-element concentrations are relatively low compared to other mid-ocean ridge hydrothermal sites and average 0.5 ppm Au, 43 ppm As, 234 ppm Co, 2 ppm Sb, 14 ppm Se (n = 85), 9 ppm Ag, 11 ppm Cd, and 59 ppm Pb (n = 57). Gold, Ag, Cd, Pb, and Sb behave similarly to Cu and Zn and are enriched close to the surface of the mound. This is interpreted as evidence for zone refining, a process in which elements that are mobilized from previously deposited sulfides in the interior of the mound by later hydrothermal fluids are transported to the surface, where they reprecipitate as a result of mixing with ambient seawater. The trace-element composition of pyrite and chalcopyrite separates is similar to the bulk geochemistry. However, down to about 50 mbsf, Au, As, Sb, and Mo values in pyrite separates are generally higher than in bulk samples and chalcopyrite separates. Below this depth, these elements appear to be enriched in chalcopyrite separates. Cobalt is typically more enriched in pyrite than in chalcopyrite throughout. A major difference between pyrite and chalcopyrite separates is the strong enrichment of Se in chalcopyrite at the top of the mound, whereas pyrite separates show a moderate increase of Se with depth. Sulfur-isotopic values for bulk sulfides from the interior of the TAG mound vary from +4.6‰ to +8.2‰, with an average of +6.4 ‰ δ 34 S (n = 49). These values do not change significantly downhole, but samples collected from the top of the mound appear to have somewhat lower δ 34 S values than samples from the interior. The average δ 34 S value for TAG sulfides is about 3‰ higher than for most other sulfides generated at sediment-free mid-ocean ridges (average 3.2‰, n = 501). This is largely attributed to thermochemical sulfate (anhydrite) reduction by hightemperature hydrothermal fluids upwelling through the interior of the TAG mound.
INTRODUCTION
In September-November 1994, Ocean Drilling Program Leg 158 intersected for the first time an active hydrothermal system on a sediment-free mid-ocean ridge. Drilling target was the active TransAtlantic Geotraverse (TAG) hydrothermal mound located at a water depth of 3650 m in the TAG hydrothermal field at the Mid-Atlantic Ridge, 26°N. Seventeen holes drilled at five locations on the TAG mound reveal the subsurface nature and lateral heterogeneity of this actively forming deposit and establish the extent of the underlying alteration zone down to a depth of 125 mbsf . This paper describes the major-and trace-element geochemistry and the sulfur-isotopic composition of samples recovered from the interior of the TAG hydrothermal mound.
GEOLOGIC SETTING
The TAG hydrothermal field extends over an area of at least 5 × 5 km and is located at the base and slope of the eastern wall of the Mid-Atlantic Ridge at 26°N (Fig. 1) . It consists of presently active low-and high-temperature zones, as well as a number of relict deposits that in part may be related to small volcanic centers (Rona et al., 1996) . The zone of low-temperature hydrothermal activity occurs between 2400 and 3100 m depth on the eastern wall of the rift valley and includes massive, layered deposits of Mn oxide, amorphous Fe oxide, and nontronite (Rona et al., 1984; Thompson et al., 1988) . Two large relict zones are located on the lower east wall. The Alvin zone consists of several discontinuous sulfide deposits associated with mound-like features with dimensions similar to the active mound. The Mir zone is a large sulfide deposit displaying various stages of seafloor weathering and locally has numerous inactive standing and toppled sulfide chimneys up to 25 m in height .
The active TAG hydrothermal mound ( Fig. 1 ) is a distinctly circular feature, about 200 m in diameter and 50 m in height, located at a water depth of 3650 m on oceanic crust at least 100 ka . The mound exhibits two distinct, flat platforms that may represent two phases of active growth (Kleinrock et al., 1996) . Radiometric dating of sulfides has been interpreted to indicate that the formation of massive sulfides at the TAG mound started about 50−20 ka, with high-temperature pulses every 5000−6000 years . The present high-temperature activity apparently commenced about 60 yr ago.
Numerous submersible studies have described that the dominating hydrothermal feature of the active TAG mound is the Black Smoker Complex which is located on a 10-to 15-m high, 20-to 30-m diameter cone located northwest of the center. This complex consists of an unknown number of highly active black smoker chimneys (chalcopyrite-anhydrite-pyrite) venting fluids at temperatures of up to 363°C (Edmond et al., 1995) . A group of white smokers (domi-nantly sphalerite-pyrite), venting fluids at 260°−300°C, is located approximately 70 m southeast of the Black Smoker Complex (Kremlin area). Mass wasting of the edges of the inner mound results in steep outer slopes covered with pyrite-rich blocks containing trace amounts of amorphous silica, quartz, and goethite, and outer oxidized layers that include atacamite, amorphous Fe oxides, goethite, hematite, amorphous silica, and locally high concentrations of gold . The outer mound is surrounded by an apron of carbonate and metalliferous sulfide-oxide sediment that extends up to about 100 m away from the mound.
SUMMARY OF DRILLING RESULTS
Seventeen holes drilled at five locations on the active TAG mound (TAG-1 to 5; Fig. 2 ) revealed the overall internal structure of the mound and the underlying upflow zone down to a maximum depth of 125 mbsf (TAG-1 area). Based on composite sections for each area (Fig. 2) , four major lithologic zones can be distinguished Fig. 3): Zone 1 (0−20 mbsf) consists of massive pyrite and massive pyrite breccias with pyrite clasts up to 5 cm in a matrix of porous, sandy pyrite and is locally overlain by Fe oxyhydroxides and cherts. Zone 2 (20−45 mbsf) contains pyrite-anhydrite breccias with rounded pyrite clasts (up to 2 cm) cemented by anhydrite down to 30 mbsf. This is followed by pyrite-silica-anhydrite breccias, which are made up of clasts of siliceous pyrite, quartz-pyrite aggregates, and granular pyrite in a quartz matrix. The pyrite-silicaanhydrite breccias are commonly crosscut by anhydrite veins up to 45 cm in thickness. Zone 3 (45−100 mbsf) is dominated by pyrite-silica breccias (gray fragments of preexisting mineralized and silicified wallrock and quartz-pyrite clasts in a matrix of fine-grained quartz) grading into silicified wallrock breccias that consist of clasts of basaltic fragments (up to 5 cm) that are recrystallized to quartz, pyrite, and smectite. This zone is interpreted to comprise the upper part of the stockwork zone. Zone 4 (100−125 mbsf) is dominated by altered basalt breccias composed of chloritized and paragonitized, weakly mineralized basalt fragments (up to 5 cm) in a matrix of quartz and pyrite, crosscut by veins of pyrite, quartz, and quartz + pyrite. This zone is thought to represent the lower part of the stockwork and upflow zone beneath the TAG mound.
SAMPLES AND METHODS
A total of 85 bulk samples consisting of varying proportions of pyrite, silica, and anhydrite from areas TAG-1 to 5, and 82 handpicked pyrite and chalcopyrite separates from the TAG-1 area were selected for Neutron Activation Analyses (INAA), Inductively Coupled Plasma Emission Spectrometry (ICP-ES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) using standard analytical procedures; sulfur was analyzed with a Leco system. Sulfur-isotopic analyses were conducted on bulk sulfide samples following the method of Ueda and Krouse (1986) . Prior to analysis, anhydrite was removed from the samples by dissolution of CaSO 4 using artificial seawater. Following this process, selected samples were analyzed by Atomic Absorption Spectrophotometry (AAS) to prove complete Ca (and thus anhydrite) removal. Sulfur isotope ratios are reported in standard delta notation relative to the Canyon Diablo Troilite (CDT). Replicate analysis of standards yields a standard deviation of less than 0.2%. Sulfur dioxide gas for mass spectrometric analysis was prepared by combustion of sulfides with V 2 O 5 and quartz at 950°C and analyzed for sulfur-isotopic ratios using a Finnigan Delta E mass (Kleinrock et. al., 1996) showing the upper and lower platforms, the area of black smoker venting (Black Smoker Complex) , and the area of white smoker venting (Kremlin area). The location of the holes drilled during Leg 158 in five different areas of the mound (TAG-1 to -5) are also shown.
spectrometer. Sample designation, depth interval, analytical method with detection limits, and the geochemical composition of the samples are given in the data report by Hannington et al. (Chap. 2, this volume) and in Brügmann et al. (Chap. 7, this volume) . As indicated in Table 1 , the emphasis of this study is the TAG-1 area (in which Hole 957E reached the maximum penetration of 125 mbsf) with 40 bulk samples, 56 pyrite, and 25 chalcopyrite separates analyzed. Selected bulk samples from the TAG-2 to TAG-5 areas were analyzed to document the lateral heterogeneity of sulfide mineralization.
RESULTS

Major-and Trace-Element Geochemistry
The major-element geochemistry of the bulk samples analyzed from holes drilled in the TAG-1 to 5 areas (Tables 1, 2 ) strongly reflects their mineralogical composition (Knott et al., Chap. 1, this volume) . High Fe (3.8−48.1 wt%, average 30.6 wt%) and S (5−53.3 wt%, average 42 wt%) concentrations reflect the predominance of pyrite in the mound. Average Cu and, in particular, Zn concentrations are relatively low compared to other sediment-free mid-ocean ridge sulfides, reaching only 2.4 wt% Cu and 0.4 wt% Zn (Table 2) . Locally, high amounts of Ca (up to 11.5 wt%) and SiO 2 (up to 49.8 wt%) occur in anhydrite-rich zones in the center of the mound and in silicarich zones (pyrite-silica breccias, silicified wallrock breccias, and chloritized and paragonitized basalt breccias) deeper in the system. High SiO 2 concentrations also characterize chert fragments recovered from the surface of the mound (up to 92.7 wt%).
With the exception of Mo, most trace-element concentrations of the TAG bulk samples are relatively low when compared to samples from other sediment-free mid-ocean ridge sites and average 43 ppm As, 14 ppm Se, 11 ppm Cd, <10 ppm Ni, 3.5 ppm Tl, and 234 ppm Co (Table 2 ). In particular, the average concentrations of Ba (95 ppm), Pb (59 ppm), Ga (8 ppm), In (1 ppm), Sb (2 ppm), and Ag (9 ppm) are much lower than the average values for sulfides from sediment-free mid-ocean ridges (Table 2) . Gold concentrations range from < 5 ppb to 3.2 ppm, with an average of only 0.5 ppm Au (n = 85), which is approximately half the average Au content of sulfides from sediment-free mid-ocean ridge sites (0.9 ppm Au, n = 829; Table 2). 
Lateral Heterogeneity of Major-and Trace-Element Compositions
A comparison of major-and trace-element data for the different drilling areas of the TAG mound indicates major differences that are related to variations in lithology (Table 3 ). The chemical composition of samples from the TAG-1 and TAG-5 areas is relatively similar, reflecting the similarities in the lithologies recovered, including a zone characterized by a relatively high abundance of anhydrite (3 and 2.6 wt% Ca, respectively). Cobalt and Se concentrations are higher than in the TAG-3 and TAG-4 areas, but similar to results obtained for samples from the TAG-2 area (Kremlin), whereas the concentrations of Zn and associated elements (Cd, Au, Ag, Sb, Pb, In, Ga) in the TAG-1 and TAG-5 areas are distinctly lower than in the TAG-2, -3, and -4 areas (Table 3) .
Samples from the TAG-2 area (Kremlin) are characterized by the highest average Cu, Ag, Pb, Ga, and In concentrations, and elevated Zn concentrations (0.7 ppm). Relative to the other areas, samples from the TAG-4 area have the highest Zn, As, Cd, Mo, Sb, and Tl concentrations, high Pb, and the lowest Cu and Se concentrations.
Chemical Composition of Lithologic Units
In accordance with the initial shipboard core descriptions, the analyzed samples were grouped into six major lithologies including (1) Fe oxides and cherts recovered from the surface of the mound, (2) massive pyrite and massive pyrite breccia present in the uppermost part of the mound, (3) pyrite-anhydrite-silica breccia located in the central mound, (4) pyrite-silica breccia representing the upper stockwork zone, (5) silicified wallrock breccia, and (6) chloritized and paragonitized basalt breccia from the deeper stockwork zone (Table 4) . The Fe oxides and cherts from the uppermost surface of the mound are characterized by relatively low average Fe concentrations (17.6 wt%) compared to the pyrite-bearing assemblages (average up to 34.5 wt% Fe), but high SiO 2 concentrations (average 61.7 wt%) reflecting the abundance of cherts. Copper and Zn in the uppermost surface layer average only 0.7 wt% and 0.5 wt%, respectively. Gold (1.1 ppm), Ag (18 ppm), Cd (17 ppm), Pb (120 ppm), and Sb (4 ppm) in the Fe oxides and cherts have concentrations similar to those found in the massive pyrite and massive pyrite breccia samples (1.1 ppm Au, 24 ppm Ag, 37 ppm Cd, 135 ppm Pb, 4.2 ppm Sb) and, in both units, are generally higher than the average values for the other lithologies. The massive pyrite and massive pyrite breccia samples are significantly enriched in Cu (average 4.2 wt%) and Zn (average 1.3 wt%) relative to the other units. The Cu concentration in the pyriteanhydrite-silica breccias averages 2.9 wt%, whereas Zn concentrations average only 600 ppm. This is accompanied by low values for most trace elements except As, Co, Mo, and Se. The pyrite-silica breccias are typically characterized by high average SiO 2 concentrations (26.5 wt%), low Cu (1.5 wt%), and Zn (1200 ppm), with traceelement concentrations similar to those of pyrite-anhydrite-silica breccias and silicified wallrock breccias. Samples of silicified wallrock breccia and one sample of chloritized and paragonitized basalt appear to have similar average major and trace element concentrations. The Fe and S concentrations clearly indicate the abundance of pyrite in the upper part of the mound down to pyrite-silica breccias, averaging 31.7−34.5 wt% Fe and 40−46.4 wt% S. Low SiO 2 concentrations (except for the surface cherts) are typical for the upper part of the mound, whereas the beginning of the stockwork zone is marked by a strong increase in SiO 2 . The average Cu concentration is highest in the massive pyrite and massive pyrite breccias (average 4.2 wt%), but also high in pyrite-anhydrite breccias because of the presence of chalcopyrite selvages on anhydrite veins and disseminated chalcopyrite in massive anhydrite. High concentrations of Cu are found in the massive pyrite and pyrite breccias, and pyrite-anhydrite ± silica breccias, whereas Zn is only concentrated in the massive pyrite and pyrite breccias (average 1.3 wt%). The Ca values clearly reflect the dominance of anhydrite in the pyrite-anhydrite-silica breccias (average 4.1 wt%). The relatively high Ca content of the silicified wallrock breccias (average 2.4 wt%) is largely the result of the local occurrence of anhydrite veins in these breccias. The variation of Au concentrations is similar to those observed for Cu, with highest concentrations in Feoxides/cherts (1.1 ppm) and the massive pyrite and pyrite breccias (1.1 ppm). The lowest concentrations were measured in the chloritized and paragonitized basalt sample (60 ppb) which, however, is still enriched in Au relative to the average Au content of mid-ocean ridge basalt (MORB; 1 ppb Au; Crocket, 1991) . Most trace elements follow the same trend with the exception of Co and Se, which appear to be enriched in the lower parts of the mound.
Downhole Distribution of Major-and Trace-Elements
in the TAG-1 to TAG-5 Areas
TAG-1 Area (Black Smoker Complex)
The downhole distribution of selected major elements in the TAG-1 area close to the Black Smoker Complex is given in Figure 4 . The Fe and S concentrations are positively correlated and reflect the presence of pyrite-bearing breccias. Silica concentrations are highly variable, but consistently high below 50 mbsf (except for Sample 158-957E-12R-1, 16−20 cm, at 92 mbsf, which contains abundant vein-related pyrite). The Ca concentration is high in samples originating from the upper part of the mound and the pyrite-anhydrite zone, and decreases in the stockwork zone. Copper is enriched in the upper part of the TAG-1 area. Higher values in deeper parts of the mound correspond to the occurrence of disseminated chalcopyrite in anhydrite veins. Zinc concentrations are generally low, but relatively elevated in the upper 45 m. Gold, Ag, Sb, In, and Ga concentrations appear to decrease downhole. Cadmium typically mirrors the downhole distribution of Zn, consistent with its occurrence as a trace component in sphalerite. Lead and As concentrations are generally low, without any downhole variation. The vertical distribution of Co and Mo is erratic. The small increase in Se concentration at the surface of the mound is likely a result of the presence of collapsed chimney fragments, which have been shown to contain high Se contents . Most element concentration vs. depth profiles exhibit large variability within the pyrite-anhydrite zone.
A comparison of the chemical composition of bulk samples with pyrite and chalcopyrite separates from the TAG-1 area indicates some contrasting trends (Fig. 5 ). Similar to the downhole Au distribution in bulk samples, the pyrite separates indicate an enrichment of Note: n = number of analyses.
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TAG-2 Area (Kremlin)
The downhole concentrations of major and trace elements in the TAG-2 area (Kremlin) are shown in Figure 6 . Iron and S concentrations are constantly high. The SiO 2 concentrations are high for a chert sample at the top of the mound and for pyrite-silica breccias below 27 mbsf. The Ca peak at 9.3 mbsf corresponds to the presence of anhydrite-cemented pyrite breccias. Striking is the strong enrichment of Cu and Zn, together with Ag, Cd, Pb, Au, Sb, In, and Ga in samples from the surface of the Kremlin area. Thallium is enriched in the uppermost samples and in one sample from deeper in the system. The As concentrations are only insignificantly higher in the upper samples and appear to slightly decrease downhole. The concentrations of Mo are indifferent downhole, whereas Co and Se show an increase in concentration with depth. The change in concentration of some elements at 27 mbsf is caused by the change in lithology from pyrite-anhydrite to pyrite-silica breccias and the associated dilution by silica.
TAG-4 Area
Samples from the west side of the mound are characterized by a good correlation of Fe and S values downhole with the exception of the uppermost Fe oxyhydroxide sample (Fig. 7) . The silica distribution strongly increases at 15 mbsf, corresponding to a change in lithology from massive pyrite to pyrite-silica breccias. This effect can be observed in all downhole element profiles in this area. Zinc, Ag, Cd, Pb, Ga, and Tl are enriched near the surface, whereas Cu and Co are enriched below this depth. The concentrations of Au, As, and Sb also largely mirror the downhole distribution of Zn. TAG-4 is the only area in which a downhole increase instead of a decrease of Cu is observed. Indium concentrations appear to follow the depth profile of Cu. The depth profiles of Ga and Cd are largely similar and follow the Zn distribution downhole. This is explained by the preferred incorporation of Ga and Cd in sphalerite.
TAG-5 Area
In samples from the northern part of the mound, Fe and S values are well correlated, similar to other areas (Fig. 8) . Silica concentrations increase downhole because of the presence of silica in silicified wallrock breccias and chloritized and paragonitized basalts, whereas Ca concentrations are enriched in anhydrite veins and pyrite-anhydrite breccias occurring close to the seafloor in this area. Copper and Zn show a general decrease in concentration downhole, but are somewhat enriched in massive pyrite samples occurring between 10 and 20 mbsf. The depth profiles of Ag, Cd, Pb, Au, In, Ga, and to some extent, Sb, As, and Tl, largely follow the downhole distribution of Cu and Zn. Indium and Ga profiles show analogies to the depth profile of Ag, whereas the Mo distribution is somewhat similar to Fe. Cobalt appears to increase in concentration downhole, whereas the Se distribution is more erratic.
Element Correlations and Correlation Coefficients
A correlation matrix for all bulk samples analyzed from the TAG-1 to TAG-5 areas (Fig. 9) indicates a statistically significant correlation (99% confidence level) of the elements Zn, Ag, Au, Sb, In, Ga, Pb, and Cd, which are typically of submarine massive sulfides of low-temperature hydrothermal origin (cf. Hannington et al., 1991) . The best correlations within this group of elements occur for Ag/In (r = 0.92, n = 57), Pb/Sb (r = 0.92, n = 57), Ga/Cd (r = 0.91, n = 37), and Au/Sb (r = 0.89, n = 85). The most significant correlation of the entire data set is found for Sr/Ca (r = 0.98, n = 36) and is explained by the preferred substitution of Sr for Ca in anhydrite. A correlation coefficient of r = 0.87 (n = 37) for Zn/Cd and r = 0.72 (n = 57) for Zn/Tl indicates the presence of Cd and Tl in the sphalerite lattice. The correlation coefficients (99% confidence level) of particular element pairs show significant differences when compared for the TAG-1, -2,-4, and -5 areas (Fig. 10) . This is also obvious from Table  5 , which compares selected element correlations for these areas. In the TAG-1 area, a good correlation within the low-temperature group of elements is obvious. Silica is clearly negatively correlated with this group of elements (Zn, Au, Ag, As, Sb, Tl, Ga, In, and Pb), as well as with Cu, Fe, and S. The strong affinity of Sr and Ca in anhydrite, Fe and S in pyrite, and Zn and Cd in sphalerite is documented by correlation coefficients of r = 0.98 (Sr/Ca, n = 20), r = 0.93 (Fe/S, n = 25), and r = 0.92 (Zn/Cd, n = 9). In the TAG-1 area, Cu correlates positively with Ag, Ga, In, Mo, and Sb.
In the TAG-2 area, only a limited number of samples were analyzed for all elements. However, a positive correlation of the lowtemperature element association can also be recognized.
The correlation matrix for the samples from the TAG-4 area indicates that the correlation among the low-temperature suite of elements is less pronounced. In particular, the Au/Ag, Au/Pb, Au/Zn correlations as well as the correlation of In and Ga with other elements of this group, do not exist. Significant correlations occur for Ca/V (0.97, n = 9), Ba/Ca (r = 0.96, n = 12), Cd/Ga (0.94, n = 13), Ba/V (0.92, n = 9), Pb/Tl (0.86, n = 13), and Fe/SiO 2 (r = −0.97, n = 12). In contrast to other areas, a negative correlation of Cu with Ag and Sb is observed.
Elemental correlations for samples originating from the TAG-5 area show a number of close similarities with those of the TAG-1 area. The correlation among elements of the low-temperature association is even better developed as in the TAG-1 area. However, the coefficients for the correlation of Fe, S, and SiO 2 are insignificant. Clearly outstanding are the Zn/Cd (r = 0.99, n = 7), In/Ga (r = 99, n = 10), and Sr/Ca (r = 0.99, n = 10) correlations. Among other pairs, In/Ag (r = 0.98, n = 10), Cd/In (r = 0.97, n = 7), Zn/In (r = 0.96, n = 10), Cd/Ag (r = 0.96, n = 10), Zn/Ag (r = 0.96, n = 10); Cu/In (r = 0.95, n = 10), Au/Ag (r = 0.95, n = 10); and Ga/Ag (r = 0.95, n = 10) also show statistically significant correlations.
The good positive correlation of Cu with Au, Ag, Sb, Cd, In, and Ga is not typical for seafloor hydrothermal systems, whereas elements of the low-temperature assemblage are found to correlate well in many other seafloor hydrothermal sites (cf. Hannington et al., 1991) .
SULFUR ISOTOPES
Forty-nine bulk samples from the TAG-1 to TAG-5 areas were investigated for their sulfur-isotopic ratios. The average δ 34 S values of duplicate analyses are given in Table 6 , together with a description of the samples analyzed. All δ 34 S ratios are within a narrow interval of +4.6‰ to +8.2‰, with an average of +6.4‰ δ 34 S (n = 49; Fig. 11 ). The average sulfur-isotope ratios for the TAG-1 to TAG-5 areas are only insignificantly different from each other, ranging from +6.6‰ at TAG-2 to +6.2‰ at TAG-5 (Table 7) . The average δ 34 S ratios for samples from the massive pyrite zone (+5.8‰) and the pyrite-anhydrite zone (+5.9‰) are nearly 1‰ depleted compared to the footwall lithologies, averaging +6.8‰ and +6.7‰ respectively (Table 7 ).
An increase in the sulfur-isotopic ratio downhole is not obvious in all areas, but is distinct in the depth profiles for the TAG-2 and TAG-4 areas (Fig. 12) .
The average δ 34 S ratios of sulfides from the TAG mound are about 3‰ higher than the average δ 34 S ratio of sulfides from any other hydrothermal system at sediment-free mid-ocean ridges (Fig. 13) . Similar high sulfur-isotopic ratios have so far only been reported from sediment-hosted massive sulfide deposits at the mid-ocean ridges or backarc spreading centers in the southwest Pacific. Here, elevated δ 34 S values are explained by the contribution of seawater sulfate (+21‰) either through sediments filling the active rift valley and reacting with the upwelling hydrothermal fluids (sedimented midocean ridges) or through subducted sediments and the formation of backarc volcanics with elevated initial δ 34 S values (backarc rifts). Humphris et al. (1995) and Hannington et al. (Chap. 28, this volume) have pointed out that the internal structure of the TAG mound bears striking similarities to ancient volcanic-hosted massive sulfide deposits preserved in ophiolites, such as the Troodos ophiolite in Cyprus, the Semail ophiolite in Oman, and the Bay of Islands ophiolite in Newfoundland. Similarities between the TAG mound and ancient ophiolitic massive sulfide deposits include the abundance and types of breccia ores and sulfide conglomerates, the occurrence of Fe-bearing cherts, and the size as deduced from the results of drilling. The major-and trace-element geochemistry and the metal distribution within the TAG mound strongly support this analogy.
DISCUSSION
Similar to the massive pyrite and massive pyrite breccias of the TAG mound, massive ore of the sulfide deposits in the Troodos ophiolite contains more than 40 wt% S and is underlain by a pyrite-silica zone (i.e., pyrite-silica breccia) with 30−40 wt% S and high SiO 2 contents, representing the top of the stockwork zone. The stockwork it- -0.587 -0.752 -0.665 -0.389 -0.436 0.131 -0.268 -0.425 -0.359 -0.767 -0.670 -0.764 ---0.546 -0.219 -0.146 -0.135 -0.973 -0.547 -0. self contains less than 30 wt% S and consists of highly altered wallrock with disseminated and vein-type sulfides (Constantinou, 1980) . The average Cu content of bulk samples from the interior of the TAG mound is 2.4 wt% and thus is well within the range of the Cu content of massive sulfide deposits in the Troodos ophiolite, which range from less than 0.5 to about 4.5 wt% Cu (Constantinou, 1980; Spooner, 1980) . Similar to TAG, elevated Zn contents are only rarely reported for the Cyprus deposits (e.g., Agrokipia B: Constantinou and Govett, 1973; Herzig, 1988) . Copper is erratically distributed in the different parts of individual orebodies in Cyprus, but generally tends to increase at the upper levels of the massive ore, which is similar to the Cu enrichment in the upper 20 m of the TAG mound. Constantinou and Govett (1973) have suggested that the enrichment of Cu in the upper zones of the Cyprus sulfide deposits is the result of a submarine enrichment process involving leaching of cupreous pyrite. This may be analogous to TAG, where the enrichment of Cu and other elements at the top of the mound is attributed to zone refining, a process in which elements that are mobilized from previously deposited sulfides in the interior of the mound by later hydrothermal fluids are transported to the surface where they reprecipitate because of mixing with ambient seawater. This leaching process ultimately results in barren pyrite mineralization without significant base metal contents as found in the TAG drill core and as described from the Troodos ophiolite (Constantinou, 1980) . Cupreous pyrite ores of the Cyprus type are generally poorly zoned in comparison to volcanogenic massive sulfide deposits in the Archean greenstone belts of Canada (e.g., Noranda, Matagami, Timmins, and Mattabi districts), the Kuroko type massive sulfide deposits in Japan, western Tasmania, Newfoundland, and the Bathurst district in New Brunswick (Large, 1977) . This is also obvious from the metal distribution at the TAG mound. Here, the only metal zoning is the occurrence of a zone enriched in Cu and Zn, as well as a number of other elements such as Au, at the top of the TAG mound.
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One of the most striking features of the cores recovered during Leg 158 is the abundance of anhydrite preserved within the interior of the active TAG mound, resulting in Ca concentrations of up to 11.5 wt% ( Table 2) . Because of its retrograde solubility, anhydrite commonly dissolves in seawater at temperatures of less than 150°C and seafloor pressures (Haymon and Kastner, 1981) . The retrograde solubility of anhydrite is in part responsible for the instability and ultimate collapse of large inactive sulfide chimneys and explains why anhydrite and high Ca concentrations are absent from most ancient volcanogenic massive sulfide deposits.
A comparison of the major-and trace-element geochemistry of bulk sulfides from the interior of the TAG mound with the chemical composition of samples recovered by submersible or surface ship from the surface of seafloor hydrothermal deposits indicates important differences. The concentrations of most elements in samples from various seafloor deposits are much higher than those in samples from the interior of the TAG mound (Table 2 ; Herzig and Hannington, 1995) . This is consistent with enrichment of surface sulfides by zone refining. Base-metal-rich chimney fragments, which are preferentially sampled by submersible or dredge, are obviously not representative for seafloor polymetallic sulfide deposits as a whole.
Sulfur-isotopic studies of seafloor massive sulfide deposits forming at the mid-ocean ridges have shown a range of δ 34 S ratios from +0.7‰ to +6.3‰. A compilation of 501 analyses from different sediment-free mid-ocean ridge sites yields an average of +3.2‰ δ 34 S (for references see Fig. 13 ). These data are explained by the fact that the sulfur originates from two different sources: mid-ocean ridge basalt (MORB, δ 34 S = +0.1‰; Sakai et al., 1984) and seawater (δ 34 S = +20.9‰; Rees et al., 1978) . Arnold and Sheppard (1981) have calculated that the sulfur-isotopic composition of massive sulfides from the East Pacific Rise 21°N (+2.1‰ δ 34 S) can be explained by nonequilibrium mixing of about 10% reduced seawater sulfate with about 90% sulfide of basaltic origin. A δ 34 S value of +6‰ for example would result in a seawater/basalt sulfur ratio of 30:70. Thus, the variation in sulfur-isotopic ratios of seafloor massive sulfides are explained by varying proportions of mixing between hydrothermal fluid and seawater. Anhydrite and barite associated with the precipitation of sulfides from seafloor hydrothermal fluids usually have the sulfur-isotopic composition of contemporaneous seawater.
The sulfur-isotopic ratios of +4.6‰ to +8.2‰, with an average of +6.4‰ δ 34 S determined for bulk samples from the TAG mound are, on average, about 3‰ heavier than the average value for all other sediment-free mid-ocean ridge sulfides, but are similar to the average of stockwork pyrite from Cyprus (average +6.4‰ δ 34 S; Alt, 1994 ) and pyrite from massive sulfide deposits in the Troodos ophiolite (+4‰ to +7‰ δ 34 S; Alt, 1994) . In some areas of the TAG mound, the δ 34 S ratios appear to increase downhole. Sulfur-isotope studies by Knott et al. (Chap. 1, this volume) and Gemmell and Sharpe (Chap. 5, this volume) also indicate an increase of δ 34 S ratios with depth. Furthermore, both studies reveal heavy sulfur isotope ratios (+8‰ to +10‰) for disseminated pyrite in chloritized and paragonitized basalt fragments and lighter δ 34 S values for vein-related pyrite of the stockwork zone. Thus, the bulk sulfide δ 34 S ratios determined in this study likely show an average of heavy sulfur in disseminated sulfides and light vein-related sulfides, obviously masking the increase of sulfur-isotopic ratios of bulk sulfides with depth.
Drilling results have indicated the presence of pyrite-anhydrite breccias at 20−45 mbsf with pyrite clasts cemented by anhydrite down to 30 mbsf. This is followed by pyrite-silica-anhydrite breccias, which are commonly crosscut by anhydrite veins up to 45 cm in thickness. The presence of anhydrite within the mound is likely explained by conductive heating of seawater close to the high-temperature feeder zone (Hannington et al., Chap. 28, this volume) and, at least to some extent, through mixing of seawater with upwelling high-temperature hydrothermal fluids . At the same time, these fluids may be responsible for the thermochemical reduction of pre-existing anhydrite at temperatures well above 300°C. Part of the reduced sulfate will be carried as H 2 S in the upwelling hydrothermal fluid which may explain the heavy sulfur isotopic signature found in the TAG sulfides (cf. Janecky and Shanks, Shanks et al., 1995) . Simple mixing of end-member hydrothermal fluids with a δ 34 S ratio close to the initial basalt values (+0.1‰, Sakai et al., 1984) with seawater cannot account for the elevated δ 34 S values of the TAG sulfides. High δ 34 S ratios for bulk sulfides have also been found for massive sulfides from the relict Mir and Alvin zones with in the TAG hydrothermal field, ranging from +2.2‰ to +7.3‰ δ 34 S (average +5.9‰, n = 6). This suggests that elevated sulfur-isotope ratios are not limited to the active TAG mound, but are a common phenomenon in the TAG hydrothermal system.
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